Groups from three different breeding lines of Siberian hamsters (UNS = general colony animals, PNRa = selected for photoperiod nonresponsiveness as adults, PNRj = selected for photoperiod nonresponsiveness as juveniles) were exposed to short days at weaning and again as adults (Experiment 1) or only as adults (Experiment 2). The proportion of photoperiod nonresponsive individuals in each line was determined by measuring testis length after 6 weeks of exposure to short days (juveniles) or by paired testis weights after 12 weeks in short photoperiod (adults). Adults were blood sampled on the day of sacrifice (Experiment 1) or on Weeks 3, 4, 5, 6, 8,10, and 12 (Experiment 2) for determination of serum prolactin (PRL) and follicle-stimulating hormone (FSH) concentrations. Nonresponsive individuals were present in all three lines of hamsters. Furthermore, all three lines of hamsters showed an increase in the proportion of nonresponders with age; some individuals are responsive to short days as juveniles, but become nonresponsive in adulthood. The two PNR lines exhibited a greater proportion of nonresponders at both ages compared to the UNS line, with the PNRj line exhibiting the greatest proportion of nonresponders at each age. During exposure to short days, nonresponders exhibited significantly higher serum PRL and FSH concentrations than did the UNS line; nonresponders also exhibited larger testis size, and fewer animals molted to winter-type pelage. The results indicate that (a) in all three lines, a significantly higher proportion of animals are nonresponsive to short photoperiod as adults than as juveniles; (b) selection for nonresponsiveness as juveniles can produce a line of hamsters that, as adults, are nearly all nonresponsive to short days; and (c) some individuals from each line are responsive to short photoperiod early in life, but become nonresponsive as adults.
Abstract Groups from three different breeding lines of Siberian hamsters (UNS = general colony animals, PNRa = selected for photoperiod nonresponsiveness as adults, PNRj = selected for photoperiod nonresponsiveness as juveniles) were exposed to short days at weaning and again as adults (Experiment 1) or only as adults (Experiment 2). The proportion of photoperiod nonresponsive individuals in each line was determined by measuring testis length after 6 weeks of exposure to short days (juveniles) or by paired testis weights after 12 weeks in short photoperiod (adults) . Adults were blood sampled on the day of sacrifice (Experiment 1) or on Weeks 3, 4, 5, 6, 8,10, and 12 (Experiment 2) for determination of serum prolactin (PRL) and follicle-stimulating hormone (FSH) concentrations. Nonresponsive individuals were present in all three lines of hamsters. Furthermore, all three lines of hamsters showed an increase in the proportion of nonresponders with age; some individuals are responsive to short days as juveniles, but become nonresponsive in adulthood. The two PNR lines exhibited a greater proportion of nonresponders at both ages compared to the UNS line, with the PNRj line exhibiting the greatest proportion of nonresponders at each age. During exposure to short days, nonresponders exhibited significantly higher serum PRL and FSH concentrations than did the UNS line; nonresponders also exhibited larger testis size, and fewer animals molted to winter-type pelage. The results indicate that (a) in all three lines, a significantly higher proportion of animals are nonresponsive to short photoperiod as adults than as juveniles; (b) selection for nonresponsiveness as juveniles can produce a line of hamsters that, as adults, are nearly all nonresponsive to short days; and (c) some individuals from each line are responsive to short photoperiod early in life, but become nonresponsive as adults.
INTRODUCTION
Many mammals living in temperate regions employ a system that enables them to use photoperiod, or day length, as an indicator of time of year. This allows the animals to &dquo;anticipate&dquo; seasonal changes in the environment and to make physiological and behavioral adjustments in time to meet environmental challenges. In the Siberian hamster, these adjustments include annual cycles of reproductive activity, body weight, and pelage coloration (Heldmaier et al., 1981; Hoffmann, 1973) . Decreasing day length inhibits the reproductive axis and stimulates the molt to wintertype pelage by modulating the secretion of pituitary prolactin and gonadotropins (Goldman and Nelson, 1993) . These physiological adjustments to photoperiod are dependent, in turn, on the endocrine activity of the pineal gland via the indoleamine hormone, melatonin (Carter and Goldman, 1983) . Pineal melatonin secretion is elevated during the night, and the duration of the period of elevated melatonin secretion varies with day length. Thus, as day length decreases, the nocturnal period of increased melatonin secretion is extended. The melatonin rhythm appears to be an essential component of the mammalian photoperiodic mechanism by acting as an endocrine &dquo;code&dquo; for day length (Goldman, 1983) . Because the pattern of pineal melatonin secretion is established by one or more circadian oscillators in the brain (Darrow and Goldman, 1986; Illnerova et al., 1984; Illnerova and Vanacek, 1982) , the process of photoperiodic time measurement ultimately is a function of the circadian system (Elliott, 1976) .
The cessation of reproduction during the winter months in rodents is thought to be of adaptive significance in that it restricts reproductive effort and the birth of offspring to those seasons of the year that allow maximum reproductive success (Bronson, 1989) . During the winter months, when offspring survival may be low due to limited resource availability and the increased energetic demands of a cold environment, selection pressures against winter breeding may be strong. However, in several rodent species, intrapopulation variation in the response to short photoperiod is seen, with some individuals lacking typical short-day responses Heideman and Bronson, 1991; Kerbeshian et al., 1994; Nelson, 1987; Puchalski and Lynch, 1986) . When Siberian hamsters are transferred from a long-day to a short-day photoperiod, most individuals (responders) show a decrease in testis size, a molt to winter-type pelage, and an expansion in the duration of locomotor activity (alpha) as well as an increase in the duration of the nocturnal melatonin elevation. By contrast, some individuals (nonresponders) exhibit none of these responses to short photoperiod Lynch, 1986,1991) .
Individual variation in photoperiodic responsiveness is known to have a genetic basis in Siberian hamsters (Kliman and Lynch, 1992; Lynch and Lynch, 1986 ), white-footed mice (Heideman and Bronson, 1991) , and deer mice . The physiological bases for photoperiodic nonresponsiveness in these species are of at least two types. For example, when animals taken from a single breeding population of deer mice from South Dakota were exposed to short days, some mice exhibited a decrease in plasma-luteinizing hormone and testosterone concentrations and a concomitant decrease in mean sperm counts, whereas in nonresponding individuals hormone concentrations were unaffected by short-day exposure and no decrease in mean sperm levels was seen. Interestingly, all the animals, regardless of whether they exhibited a reproductive response to short photoperiod, showed the typical decrease in circulating concentrations of prolactin, and all animals showed a similar pattern of entrainment of their circadian pattern of locomotor activity to the short photoperiod . These two adjustments made in response to short photoperiod indicate that, despite the variation in reproductive responses, all individuals are capable of discriminating between photoperiods of different lengths. Photoperiod nonresponsive deer mice failed to exhibit typical winter-type reproductive inhibition when administered a melatonin treatment that does evoke reproductive inhibition in photoperiod responsive mice (Blank and Freeman, 1991) . This finding suggests that in photoperiod nonresponsive deer mice, the failure of reproductive response to short days occurs at a postpineal site. In contrast to the pattern seen in deer mice, nonresponsive Siberian hamsters may lack the ability to properly integrate photic information into the circadian system (Kliman and Lynch, 1991; Puchalski and Lynch, 1986 , 1988 , raising the possibility that individual differences in photoperiodic responsiveness in this species may be mediated by differences in the suprachiasmatic nucleus (SCN), which is known to function as a biological clock and to have an important role in regulating pineal melatonin secretion in mammals (Klein and Moore, 1979) .
In the course of developing breeding stock of photoperiod nonresponsive Siberian hamsters in our laboratory, it was noted that the probability of an individual responding to short photoperiod was greater at weaning than as an adult. The present study was designed to test photoperiodic responsiveness of individual hamsters from three different breeding lines. Animals were tested as juveniles and again as adults. The results obtained using this paradigm reveal the proportion of individuals from each line of hamsters that is nonresponsive to photoperiod and defines age-related changes in photoperiod responsiveness in the three breeding lines of hamsters.
MATERIALS AND METHODS

Animals and Housing
Adult animals from our colony (derived from animals originally supplied by Klaus Hoffmann) were paired as breeders under a long-day (16 h light:8 h dark [16L:8D], lights on at 0200-1800 h) photoperiod.
All animals had ad libitum access to food (Prolab HMR 3500) and water throughout the experiment. Offspring were housed with their parents until Day 17 (day of birth = Day 0), at which time they were weaned and group housed by sex.
Development of Breeding Lines of Hamsters Nonresponsive to Photoperiod
Two lines of Siberian hamsters were selected from the parent population or unselected line (UNS) on the basis of photoperiodic nonresponsiveness and the age at which selection for this nonresponsiveness occurred. The selection process for each line was as follows.
Nonresponder adult line. Adult hamsters (3-4 months old) from the original colony were placed into a 10L:14D (lights on at 0500-1500 h) photoperiod. Individuals that did not show a pelage molt or a reduction in body weight after 10-12 weeks were termed nonresponders and were returned to long days for use as breeding stock. After 3-4 generations of this artificial selection, approximately 70% of the individuals in the breeding line were nonresponsive to short photoperiod when tested as adults (unpublished observation). This line was called the photoperiod nonresponder adult line (PNRa) because the animals were selected for nonresponsiveness as adults. The percentage of nonresponsive individuals in this breeding line did not increase further after several additional generations of artificial selection.
Nonresponder juvenile line. When hamsters from the PNRa line were transferred to 10L:14D at weaning (18-20 days old), a lower percentage of the individuals exhibited nonresponsiveness as compared to when transfer occurred at 3-4 months of age (unpublished observation). The animals that were nonresponsive to short days at weaning were chosen as breeding stock for the next line of hamsters. This line was termed the photoperiod nonresponder juvenile line (PNRj) because the animals were selected for nonresponsiveness to short photoperiod as juveniles. In this case, only pelage change was used to evaluate photoperiodic response because all the animals were gaining weight rapidly with increasing age.
Experiment 1
Breeding pairs (approximately 20 pairs per breeding line) from three lines of hamsters (UNS, PNRa, PNRj) were housed in a long-day photoperiod (16L:8D). The offspring from these breeders were weaned and transferred to a short-day photoperiod (10L:14D) at 17-19 days of age (n = at least 27 for each experimental group; n = 14 males were left in 16L to serve as controls). The animals were group housed by litter and sex. After 6 weeks under a short photoperiod, the males were anesthetized (equithesin 3.0 ml/kg) and laparotomized, the length of the left testis was measured, and pelage condition was scored. In females, because only pelage molt was used to classify short-day responsiveness, 8 weeks of short-day exposure was used to allow a more conservative estimate of nonresponders because it has been demonstrated that the onset of pelage molt requires slightly longer exposure to short days than does the reproductive response. Animals were categorized as molting to winter-type pelage if they exhibited a pelage score of 2 or greater according to the pelage index described by Duncan and Goldman (1984) .
Males were classified as nonresponsive to short photoperiod if their testis length was greater than the mean plus 2 standard deviations for the UNS males exposed to the short-day photoperiod (5.3 mm = mean + 2 SD of the UNS testis length); pelage coloration also was scored. Females were classified as nonresponsive if they failed to show any development of winter pelage (i.e., a pelage score of 1). The animals were then transferred to a long-day photoperiod (16L:8D) for 12 weeks, after which time the testes of the males were palpated through the scrotum to determine whether they had undergone gonadal recrudescence. Pelage condition was noted for both males and females to determine whether molt to summer-type pelage had occurred. All animals had completed or nearly completed a molt to summer-type pelage. The animals were then exposed to a 10L:14D photoperiod for a second test of responsiveness. After 12 weeks, pelage condition was noted and the animals were sacrificed for removal and weighing of the testes (males) or uteri (females). As adults, the males were classified as nonresponders if their paired testis weights (PTWs) were within 2 standard deviations of the mean of long-day controls (i.e., > 384 mg). In females, the proportion of each breeding line failing to exhibit uterine regression was examined as well as the proportion of females failing to exhibit a pelage molt. Uterine weights were highly variable within all groups; hence we set a cutoff of 100 mg, which was the lowest uterine weight recorded among the long-day control females, to separate responders from nonresponders.
The serum from blood samples (250 p.1, obtained from the retroorbital sinus) taken prior to sacrifice from a subset of males from each group (UNS, n = 18 [n = 9 molt, n = 9 no molt]; PNRa, n = 11; PNRj, n = 18; 16L, n = 8) and females (UNS [molt], n = 12; UNS, n = 17; PNRa, n = 27; PNRj, n = 44; 16L, n = 28), was recovered after centrifugation and stored at -50°C until determination of prolactin (PRL) and folliclestimulating hormone (FSH) concentrations via doubleantibody radioimmunoassay (RIA). All blood samples were obtained between 0900 and 1000 h to reduce variability in hormone concentrations due to circadian variations in release.
Experiment 2
Experiment 1 revealed an increase in the proportion of photoperiod nonresponsive individuals in the adult population as compared to juveniles. To determine whether this shift in frequency of nonresponders was specifically related to age or to the previous short photoperiod exposure, adult males from the UNS (n = 19) and PNRj (n = 15) lines were separated into 4 cages (2 PNRj and 2 UNS) and transferred from 16L to 10L, and blood samples were taken via retroorbital sinus puncture on Weeks 3, 4, 5, 6, 8,10, and 12 of short-day exposure. Adult females from the UNS (n = 14) and PNRj (n = 18) lines also were included. For the females, only pelage molt was used to classify an animal's response to short photoperiod. Two groups of control males (n = 20 UNS, n = 20 PNRj) and females (n = 10 UNS, n = 10 PNRj) from 16L were blood sampled at a single time point for comparison to the short-day groups. Serum was stored at -50°C for measurement of serum PRL and FSH concentrations via doubleantibody RIA. After 12 weeks, the short-day exposed males were sacrificed, their testes were removed and weighed, and their pelage colors were scored; the females' pelage colors were scored at the same time.
Hormone Concentrations
Prolactin. Anti-hamster PRL (1:120,000 final dilution), generously donated by Katerina Borer (University of Michigan), was used as the primary antibody in Experiment 1. This antibody previously has been validated for the measurement of Syrian (Borer et al., 1982) and Siberian (Duncan et al., 1985) hamster PRL.
In Experiment 2, the primary antibody used was antihamster PRL, Talamantes No. 47 (1:120,000 final dilution), generously donated by Frank Talamantes (University of California, Santa Cruz). Goat anti-rabbit gamma globulin (GARGG, 1:96 final dilution in Experiment 1; GARGG, Amel, 1:120 final dilution in Experiment 2) was used as second antibody. Purified Syrian hamster PRL provided by Talamantes was iodinated using the chloramine-T method to serve as trace. The standard was purified Syrian hamster PRL supplied by Albert Parlow (Harbor-UCLA Medical Center, Lot No. AFP10302E). This PRL assay has been appropriately validated for Siberian hamsters in our laboratory (Duncan et al., 1985; Yellon and Goldman, 1984) . In the first assay (Experiment 1), the range of the PRL RIA (15%-85% total binding) was 0.5-23.0 ng/ml serum; in the second assay (Experiment 2), the range was 0.97-97.7 ng/ml serum. Samples outside the 15%-85% binding assay limit were assigned the appropriate value for 15% or 85% binding. In the first assay, the intraassay coefficients of variance for 15% and 60% bound were 5.8% and 11.6%, respectively; in the second assay, the intraassay coefficients of variance for 20% and 50% bound were 8.5% and 10.7%, respectively Follicle-stimulating hormone. Serum FSH was measured by use of the NIAMDD rat FSH RIA kit, using anti-rat FSH-10 (1:17,600 final dilution). This method previously has been validated for use in Siberian hamsters. Displacement curves for Siberian hamster serum and pituitary gland extracts are parallel to the displacement curve for the rat pituitary reference standard that was employed in this assay (Yellon, 1982; Yellon and Goldman, 1984) . In the first assay, the range of the FSH RIA (15%-85% bound) was 1.4-25.7 ng/ml serum; in the second assay, the range was 2.2-54.9 ng/ml serum. Samples outside the 15%-85% binding assay limit were assigned the appropriate value for 15% or 85% binding. In the first assay, the intraassay coefficients of variance for 20% and 50% bound were 8.2% and 6.3%, respectivley; in the second assay, the intraassay coefficients of variance for 20% and 50% bound were 6.7% and 9.5%, respectively.
Statistics
Comparisons of hormone concentrations and testis lengths and weights in Experiment 1 were done by one-way analysis of variance (ANOVA); group means were compared using the two-tailed Student's t test.
To determine significance of the percentage nonresponders in Experiment 1 between each breeding line and within each breeding line over age, single degreeof-freedom chi-square test of proportions was used; where appropriate, Fisher's exact probability test was used. To test the hypothesis that an increase in the probability of nonresponsiveness is related to age (Experiment 2), the proportions of nonresponders within lines as adults were compared between Experiments 1 and 2; that is, the proportion of PNRj males failing to respond as adults in Experiment 1 was compared to the proportion of PNRj males failing to respond in Experiment 2. The testis weights from Experiment 2 were analyzed using a two-tailed Student's t test. Hormone concentrations from short-day exposed groups in Experiment 2 were analyzed by repeated-measures ANOVA. Planned comparisons of group means were done with a Scheffe test. The 16L control hormone concentrations were compared to the hormone concentrations from the short-day exposed PNRj and UNS groups at each week using t tests. All values are reported as means ± SEM's. Differences were considered significant if p < .05.
RESULTS
Reproductive Responsiveness to Short Days
Both the PNRa and PNRj lines contained greater percentages of individuals that were nonresponsive to short days as compared to the UNS line. The PNRj line contained the highest percentage of nonresponders. These conclusions were supported by the relative testis responses of the three lines to short-day (10L) exposure and were apparent both when exposure to 10L began at the time of weaning and when it began in adulthood (Table 1; Figs. 1 and 2) . Similarly, the PNRa and PNRj lines contained greater proportions of females unresponsive to short days as compared to the UNS line; this was indicated by the uterine weights in their respective groups (Table 2 ). Unlike the case for males, there was no apparent difference in reproductive response for females between the PNRa and PNRj lines.
In adult males, the testicular response to short days was closely paralleled by serum FSH concentrations. Thus serum FSH was significantly decreased in shortday UNS males at six of the seven sampling times when compared to FSH concentrations in long-day controls in Experiment 2, and in UNS animals that had exhibited a molt to winter pelage in Experiment 1; PNRj males failed to show decreased serum FSH concentrations in short days in either experiment (Table 3 ; Fig. 3 ). In adult UNS females in Experiment 1, only the females that also exhibited a short-day induced pelage molt exhibited significant inhibition of serum FSH concentrations; PNRj females did not exhibit any indication of decreased serum FSH concentrations in short days in either Experiment 1 or 2 (Table 3; Fig. 4 ). The PNRa females did not exhibit any indication of decreased serum FSH concentrations in Experiment 1 (Table 3) .
These results indicate that a genetic basis for individual variation in gonadal response to a short photoperiod exists in both male and female Siberian hamsters. The proportion of nonresponders can be increased by selective breeding.
Pelage and Prolactin Responsiveness to Short Days When exposed to short days at weaning, male hamsters of the PNRa and PNRj lines exhibited larger percentages of animals failing to molt to winter-type pelage as compared to the UNS line. Furthermore, the PNRj line showed a larger percentage of animals failing to molt as compared to the PNRa line (Table 1) . A similar trend was evident when the three lines of hamsters were exposed to short days in adulthood, although in this case there were no significant differences among the different breeding lines in Experiment 1. By contrast, in Experiment 2, the PNRj line exhibited a higher proportion of animals failing to molt than did the UNS line (Table 1 ). The UNS and PNRa lines exhibited a significantly greater percentage of animals failing to molt when exposed to short days in adulthood as compared to when exposure occurred at weaning in Experiment 1 (Table 1) . Similarly, both the PNRa and PNRj lines contained greater proportions of females failing to molt in response to short-day exposure as compared to the UNS line as Table 1 . Percentage of males within each breeding line failing to exhibit short-day mduced testis inhibition and pelage molt as juveniles and adults. NOTE: Number of animals per group ranged from 15 in Experiment 2 to 49 in Experiment 1. UNS = colony group animals. PNRa = photoperiod nonresponder adult animals. PNRj = photoperiod nonresponder juvenile animals. a. Significant increase within group over age in Experiment 1. b. Significantly greater than same phenotype in Experiment 2 (p < .05). c. Greater than all other groups of same age within respective experiment. *Significant (p <.01). **Significantly less than any other group of same age within respective experiment (p < .001). Figure 1 . Testis lengths of juvenile animals exposed to 10L for 6 weeks. The colony (UNS) group had a mean testis length significantly less than either of the photoperiod nonresponder (PNR/10L) groups (*p < .001). The mean testis length for 16L control hamsters was greater than that for any short-day group (**p < .0001 for each comparison). Individual testis lengths are designated by open circles. Open boxes indicate the mean testis lengths of the groups. The dashed line indicates the approximate cutoff value used to separate responders from nonresponders (i.e., 5.3 mm). both juveniles and adults (Table 2 ). In adult males, the presence of pelage molt was closely paralleled by serum PRL concentrations. Thus serum PRL concentrations were significantly lower in short-day housed UNS males that exhibited a molt to winter-type pelage when compared to long-day housed controls and the PNRa and PNRj lines (Table 3 ). In Experiment 2, the short-day exposed UNS group exhibited serum PRL Figure 2 . Mean paired testis weights (PTWs) of animals after exposure to 10L as adults. The mean PTW of the colony (UNS) group was significantly less than that of any other group (#p < .05 for all comparisons). The photoperiod nonresponder juvenile (PNRj) mean PTW was significantly greater than the 16L control mean PTW (*p < .001). Individual PTWs are designated by open circles. Open boxes indicate the mean PTWs for the groups. The dashed line indicates the approximate cutoff value used to separate responders from nonresponders (i.e., 384 mg). concentrations that were significantly lower than either the PNRj or the 16L control groups (Fig. 5 ). UNS males in Experiment 1, which failed to molt, exhibited serum PRL concentrations similar to those observed in the 16L control and PNR groups (Table 3 ). A similar result was observed for females. Thus UNS females in Experiment 1 exhibited serum PRL concentrations that were significantly decreased compared to the PNR groups. In Experiment 2, the UNS females exhib- Table 2 . Percentage of females in each group failing to exhibit short-photoperiod induced pelage molt and inhibition of uterine weight. NOTE: The number of animals per group ranged from 14 in Experiment 2 to 110 in Experiment 1. UNS = colony group animals. PNRa = photoperiod nonresponder adult animals. PNRj = photoperiod nonresponder juvenile animals. a. Significant increase within group over age. b. Significantly lower than any other group of same age within respective experiment. *p < .05. **Significantly lower than any other group of same age within respective experiment (p < .001). Table 3 . Hormonal responses to short-day exposure in Experiment 1 (nanograms/milliliter serum).
NOTE: The number of animals per group ranged from 9 to 44. PRL = prolactin. FSH = follicle-stimulating hormone. UNS = colony group animals. PNRa = photoperiod nonresponder adult animals. PNRj = photoperiod nonresponder juvenile animals. 16L = 16 h light group. a. UNS group was separated according to the presence or absence of a molt to winter-type pelage. b. Significantly lower than PNRa and PNRj means of same gender (p < .05).
*Significantly lower than any other group of same gender (p < .01). ited significantly lower serum PRL concentrations as compared to PNRj and 16L controls at all time points examined. The PNRj females in Experiment 2 exhibited serum PRL concentrations that were significantly higher than those in the 16L control group at all time points examined (Fig. 6) .
These results indicate that the proportion of animals failing to exhibit a short photoperiod-induced molt can be increased through selective breeding. The failure to molt is associated with the failure of shortday exposure to inhibit PRL secretion.
Effect of Age on Proportion of Nonresponders
If an increase in age is responsible for an increase in the proportion of nonresponders, then the proportion of animals failing to respond to short days in Experiment 2 should not be different from the proportion of Figure 3 . Mean follicle-stimulating hormone (FSH) concentrations from males in Experiment 2. The photoperiod nonresponder juvenile (PNRj) and colony (UNS) groups were in 10L, whereas the 16L group consisted of PNRj and UNS animals. PNRj and 16L control animals had higher FSH concentrations than did the UNS animals at Weeks 3, 4, 5, 6, 10, and 12 (#p < .05). nonresponders observed as adults in Experiment 1. If, on the other hand, the previous short-day exposure as juveniles in Experiment 1 results in an increase in the proportion of nonresponders, then a difference should be observed in the proportion of nonresponders as adults in Experiment 1 compared to Experiment 2. To distinguish between these alternate hypotheses, the proportions of nonresponders within breeding lines as adults were compared between animals that had been exposed to 10L only once (Experiment 2) and animals that had been exposed to 10L twice (Experiment 1).
In males, the proportion of nonresponders, as assessed by testis response, increased when the animals were tested as adults in all three lines, and the proportions of nonresponders in the PNRj and UNS lines as adults in Experiment 2 were not different from the proportions observed for their respective groups as adults in Experiment 1 (Table 1) , supporting the hypothesis that an increase in age leads to an increase in the proportion of nonresponders. A similar result was observed in the PNRj line when pelage response was assessed. By contrast, although the proportion of UNS animals failing to molt increased after the second short-day exposure in Experiment 1, the proportion of UNS males in Experiment 2 failing to molt was significantly less than that as adults in Experiment 1, suggesting that, in this case, prior short-day exposure may have led to an increase in the proportion of hamsters failing to molt.
An increase in the proportion of females failing to molt with age was observed in all three lines in Experiment 1, and the proportions of adult females failing to respond were not different within the UNS and PNRj lines between Experiments 1 and 2 (Table 2) . These results support the hypothesis that increasing age results in an increase in the proportion of nonresponders.
Taken together, these results indicate that the probability of a Siberian hamster failing to exhibit shortday responses increases with advancing age.
DISCUSSION
The results from the present experiments indicate that (a) individual variation exists in the reproductive Figure 5 . Mean serum prolactin concentrations from males in Experiment 2. Photoperiod nonresponder juvenile (PNRj) and colony (UNS) groups were in 10L, whereas the 16L group consisted of PNRj and UNS animals (~Significantly lower than all other groups [p < .05 for each comparison]). and pelage molt responses to a short photoperiod in male and female Siberian hamsters, accompanied by variations in the circulating concentrations of PRL and FSH; and (b) the frequency of occurrence of the shortday nonresponsive phenotype can be modified through artificial selection. It was possible to generate two different lines of photoperiod nonresponsive hamsters (PNRa and PNRj) from the general unselected (UNS) breeding colony. The UNS line exhibited significantly fewer short-day nonresponders, as assessed by testis response, both as juveniles and in adulthood, when compared to the two PNR groups. Serum FSH concentrations paralleled the testis response to short-day exposure. Thus the PNR males exhibited higher serum FSH concentrations than did the UNS males. All breeding lines showed an increase in the proportion of nonresponders following a second short-day exposure. The increase in the proportion of animals failing to exhibit gonadal regression was age related because the proportion of adults failing to respond with testis regression to short days increased with age, and for the UNS and PNRj lines this increase occurred regardless of prior short-day exposure. These observations support the hypothesis that the probability of reproductive nonresponsiveness to short days increases with age. Furthermore, the increase in the proportion of nonresponders appears to involve a switch in the response of individual animals because in each line a number of individuals that had responded to short-day exposure as juveniles failed to respond as adults. Figure 6 . Mean serum prolactin (PRL) concentrations of females in Experiment 2. Photoperiod nonresponder juvenile (PNRj) and colony (UNS) animals were in 10L, whereas the 16L group consisted of PNRj and UNS animals. UNS short-day exposed females exhibited PRL concentrations that were significantly lower than those of any other group (*p <.05). The 16L control group exhibited mean serum PRL concentrations that were significantly less than the PNRj mean serum PRL concentrations at each week (bSignificant [p < .05] as compared to the PNRj group).
The two PNR groups also exhibited a greater proportion of individuals failing to exhibit a molt to wintertype pelage in short days. The serum concentrations of PRL paralleled this difference; that is, short-day exposed PNR animals had higher concentrations of serum PRL than did short-day exposed UNS animals. The probability of an animal failing to molt increased for all three lines when challenged with short-day exposure for a second time.
Variation in responsiveness to short-day exposure also was evident in female hamsters, as the proportions of animals molting to winter pelage varied among the three breeding lines. The probability of failing to molt clearly was age related. In all three breeding lines, a greater proportion of adult females failed to exhibit short-day induced molts as compared to juveniles, and for the PNRj and UNS groups this increase occurred regardless of prior short-day exposure. PNRa and PNRj female hamsters exposed to 10L exhibited higher serum PRL concentrations than did UNS females. No difference was seen between the mean PRL concentrations of short-day UNS females and 16L control females in Experiment 1, but in Experiment 2 the short-day UNS females had lower PRL concentrations than did the 16L controls. Although no explanation for the different results between experi-ments is evident, a difference in experimental design was present, with animals in Experiment 1 being exposed to short days twice whereas animals in Experiment 2 were exposed to short days once. Reproductive nonresponsiveness also was evident in adult PNR female hamsters. A higher percentage of adult PNRa and PNRj hamsters failed to exhibit the typical shortphotoperiod induced inhibition of uterine weight as compared to UNS females. FSH concentrations were significantly lower in UNS females as compared to both PNR female groups.
Although a genetic basis for individual variation in responsiveness to photoperiod previously has been reported in this species , the data presented here also demonstrate an age-related factor in photoperiodic responsiveness. This is evident both from differences in the proportions of nonresponsive individuals at different ages and from a longitudinal study indicating that some individual Siberian hamsters that are responsive to short photoperiod as juveniles are nonresponsive when tested as adults. This age-related phenomenon is not likely to be due to senescence in the general sense, because senescence usually is associated with a decline in reproductive capacity (vom Saal et al., 1994; Wise et al.,1991) . Studies examining the effect of aging on the pineal melatonin rhythm in several rodent species, including the Siberian hamster, rat, Syrian hamster, and gerbil (Hoffmann et al., 1985; Reiter et al., 1980a Reiter et al., , 1980b Reiter et al., , 1981 , revealed that a significant decline in the amplitude of the nocturnal pineal melatonin signal occurs in aged individuals, but these individuals still exhibit the species' typical reproductive responses to short photoperiod.
The present experiments were not designed to investigate the mechanism or mechanisms leading to photoperiod nonresponsiveness. Results from other experiments in Siberian hamsters have shown that nonresponsive individuals make no short-day adjustments with regard to the physiological or behavioral parameters classically considered to be modulated by photoperiod (Puchalski and Lynch, 1986 , 1988 . This is in contrast to deer mice and white-footed mice, species that show variation both in reproductive response to short day lengths (but in which all individuals show adjustments in duration of the daily activity phase or alpha ) and in the duration of the elevated nocturnal melatonin synthesis and release (Lynch et al., 1982) , regardless of reproductive response. These data indicate that these species of mice are receiving the proper photoperiodic information at some central site or sites (e.g., SCN) that controls locomotor activity and melatonin rhythms. The variation exhibited by these species in reproductive response would seem to be due to a postpineal mechanism (i.e., probably a difference in responsiveness to long-duration melatonin signals).
By contrast, nonresponsive Siberian hamsters fail to show adjustments of their circadian rhythms of locomotor activity to short day lengths (Puchalski and Lynch, 1986) . PNR hamsters maintain large testes, fail to molt to winter-type pelage, and show no expansion in the duration of nocturnal activity (Puchalski and Lynch, 1986) . PNR hamsters also fail to show an expansion in the duration of nocturnal melatonin release in short days (Puchalski and Lynch, 1986) . These data suggest that PNR Siberian hamsters are different from short-day responsive individuals with respect to a prepineal component of the photoperiodic mechanism. Other observations suggest a difference in the free-running period length of the circadian system, with the short-day nonresponsive hamsters displaying longer taus than the responders (Freeman and Goldman, 1997; Puchalski and Lynch, 1988) .
The results of the present study suggest the presence of at least three distinct phenotypes within our laboratory populations of Siberian hamsters with respect to responsiveness to short days. Thus some animals respond to short photoperiods both as juveniles and as adults; other individuals respond as juveniles but become unresponsive in adulthood; a third set of hamsters is unresponsive to short days when tested either during juvenile or adult life. Animals of all three phenotypes were present in each of our breeding lines, but the relative percentages of each phenotype varied greatly and thus clearly were subject to modification through artificial selection.
It seems possible that in nature the most prevalent nonresponder phenotype would be one in which animals respond as juveniles but are nonresponders as adults. This phenotype may maximize reproductive fitness for short-lived animals in some environments.
One can imagine a scenario in which an individual of the phenotype that responds as a juvenile but is nonresponsive as an adult, bom late in the breeding season (i.e., exposed to short day lengths as a juvenile), will be capable of responding to the declining photoperiod by delaying achievement of puberty. This would allow the animal to focus on surviving the winter to reproduce the following spring rather than risk repro-ductive effort in a winter climate. On the other hand, an animal of this phenotype bom early in the breeding season already would be several months old at the onset of fall or winter. Because this individual may have already achieved puberty and adult body size, increasing the likelihood of successful reproduction, the odds may shift somewhat toward favoring an attempt to reproduce during the fall or winter season. Field data from another species of small rodent, Peromyscus leucopus, indicate that mortality over winter is about 50% higher for adult mice than for young of the year (Millar and Teferi, 1993) , and late-bom young of the year survive longer than early-bom young of the year (Sharpe and Millar, 1991) . These data support the present hypothesis that an age-related increase in the likelihood of photoperiod nonresponsiveness may be of adaptive significance in a species with a short life expectancy. A recent study using short-day nonresponsive Siberian hamsters also has suggested an age-related alteration in photoperiod responsiveness (Stanfield and Horton, 1996) . In this study, male Siberian hamsters from a line selected for photoperiod nonresponsiveness, when exposed to a short photoperiod as juveniles, exhibited gonadal regression, whereas adult animals from this breeding line failed to exhibit short-day responses. Stanfield and Horton (1996) put forth a similar argument regarding the ecological significance of an age-related decrease in photoresponsiveness. The results from the Stanfield and Horton study also showed a transient decrease in testis size, occurring around 69 days of age, of juveniles from a nonresponsive breeding line exposed to long days. It was hypothesized that this may mark the onset of photoperiod nonresponsiveness.
The phenotype that is nonresponsive at both ages was very rare in our UNS laboratory colony and may not be very prevalent in nature. Field data for this species are needed to help clarify this hypothesis. Another point that should be emphasized is that in the UNS breeding colony the large majority of individuals are of the phenotype that responds at both ages, suggesting that this may be the most prevalent phenotype in nature as well.
CONCLUSION
These results support earlier findings in Siberian hamsters regarding a heritable basis for nonresponsiveness to short photoperiod, as a breeding line of hamsters exhibiting nearly 100% nonresponders as adults was developed via artificial selection. The present experiments extend previous findings concerning photoperiod nonresponsiveness in this species to include an age-related factor, and possibly an effect of prior short-day exposure, in the probability of an individual failing to respond to short photoperiod. In all three breeding lines of hamsters and in both sexes, an increase in the percentage of individuals failing to exhibit the species-typical short-photoperiod responses is evident with advancing age.
